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ABSTRACT

Fission-ciJgs~section excitation functions were measured from near threshold to
~10 MeV/nucleon using heavy-ion beams from the Brookhaven National Laboratory
three-stage Tandem Accelerator Facility. The systems studied included 210?0 formed
in 12C and 18O induced reactions, 186Os formed in 9Be, 12C, 16O, and 26Mg reactions,

158Er formed in 16O, 24Mg, 32S, and 64Ni reactions, In addition the composite

204,206,208

systems Po formed with 160 and 180 projectiles were studied.

The neasured fission excitation functions along with previous data from aHe and

11 186

B bombardments for the 0Os and 210?0 systems and recent data on the 20OPb system

are compared to predictions from a statistical model using recent fission-barrier
calculations from A. Sierk. Comparisons of calculated and measured fission
excltation functions show good overall agreement between data and calculacions and
between calculations with two different level-density functions. It 1s concluded

that the varriers from Sierk give a good description of both the mass and angular
momentum dependence of figsion barriers in this region.

INTRODUCTION
There have been many studies! of fission probabilities in the actinides that
have yielded a comprehensive mapping of fission-barrier parameters in this regtion.

For lighter nuclei, fission barriers (& = 0) become large compared to neutron

binding energlies, but for large angular momenta fission can again hecome a dominant

process due to the centrifugal lowerinpg of the harrler. In this region the linited

experimental results have beun fit with varfous statistical modelse—10 utlitzing

primarily calculated fission barriers from the rotatiag liquid drop model of Cohen,

Plasil, and Swiatecki!! (CPS). 1TIn fits to fission cross sections it has generally

been necessary to renormalize the CPS barriers by varying factors. A more recant

angular-momentum=-dependent barrier calcvlation by Sterkl2 has been shown® to glve a
good repregentation of data to the composite systems 153 and 1MRe without the

necesslty for renormalizing the calculated barrier heights.
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The purpose of the present experiment was to develop a representative set of
fission-cross-section data, so that it would be pnssible to test both the mass and
angular momentum dependence of fission barrlers in the mass region 150 < A < 210.
Using these data a statistical model utilizing the barrier calculations of Sierk has

been developed, and the sensitivity of the calculations to various input assumptions
!
has been tested.

EXPERIMENTAL

The experimental setup is illustrated schematically in Fig. l. Coincident
fiasion fragments are detected 1in multiwire proportional counters13 that yleld
two-dimensional-position signals and a fast signal., The time of flight for each
fragment 1s determined using a start signa. generated by a thin (~200 ug/cmz) mwecl4
that is placed close to the target. The electronic loglc was set up so that events
were recorded on magnetic tape whanever either STOP 1 or STOP 2 registered a pulse.
Then position and analog signals were recorded on magnetic tape {rom all detectors,

Absolute differential cross sections were calculated using measured geometries
and assuming Rutherford scattering in the monitor detectors. Total fisslon cross
sections were calculated assuming an angular distribution proportional to 1/sinf.
We estimate that the systematic wuncertainty 1in relative mensurements for a
particuluar projectile-target combination i3 less than 5%. The absolute uncertainty
in the mensured crosy sections is believed to have a systematic uncertainty of less

than 107 (except that in all cases the 1/3inf angular distribatlion is assumad).

STOP |
MONITOR | |
p) I
START
! [N
BEAM_ | I N
\
MONI}OR 2
ANNULAR STOP 2
CETECTOR
N W)

Flge 1 Schomatie diagram of the exporimental setup,
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THEORETICAL COMPARISONS

The major objective of this experiment was to provide a comprehensive data base
of fission cross sections against which various theoretical models and concepts
could ke restzd, In this context a3 mod2l has been developed incorporating our
current best estimates of the important physical parameters. This model u.es Monte
Carlo technidues and has been described in general technical terms previously.15
This model necessarily involves both details of the compound nucleus formation
process and the relative competition between fissivon and other modes in the compound
nucleus decay process.

Any model of these processes must begin by estimating the fusion cross section
as a function of angular momentum. We use the most recent model proposed DLy Bass16
which gilves a description of the fusion cross sectinns in this mass and energy
reglon to an accuracy of the order £10%. We have tested our model by comparing
predictions with the recent meacurements of Hinde et al.10 where both evaporation
residue and fission cross section; were measured for 19!-‘ and 3051 projectile

reactions leading to 2Oon.

In order to calculate the total fission cross section it is then necessary to
estimzate the branching ratics for fission relative to parcicle rmisslon as a
function of angular momentum and excitation energy. The basic inputs for such a
calculation are the gruund state masses of the relevant nuclei, the fission barriers
as a function of wass and angular m mentum, and the level densities at both the
ground state and saddla=-point deformations.

The fission barriers are takeu from the calculations of Sierklz for the systems

158 18603, 21n

kr, and Po. These barriers are obtained from a model of ratarniung
nuclel whlch incorporates effects due to the finite range of the nuclear forces and
the diffuseness of the nuclear surface on the surface, Comiomy and rotational
energles., Hffects due to possible axlally asymmetric deformatione are also taken
Intv account, When compared to previous calculations (CPS)ll the results show na
reduction in the flsslon barricr heights of the order of 157 fo:s zero angular
momentum  and  relatively larpger effects  at the high angulae momenta which Lecome
important in these heavy fon reactions.  Calculations based on a similar model but
with a Jdifforent shape parameterizatlon have also heen reported by Muntafa ot u117.
For the level densities two extreme models were used. Firut was a simple Fermi
giaK estimate that should be appropriate at high *emperatures where shell and palring
effocts have warhed out. In thils caae excltatlion encrpies were measured from the

appropriate Liquld drop mass surface. [n orler to estimate the sensitivity ro the



.

form of the 1level density the fission cross sections were also calculated using
microscoplc level densities similar to the approach in the analysis of acrtinide
fission probabilities.1 Single~particlie spectra from Nix!8 for P> and Os and from a
Nilsson model calculation!? for Er were used with the code of Morretto2? to generate

compound level densities.
1

RESULTS AND DISCUSSITN
Figures 2-5 show calculations of fissjon cross sections as described above and

the data from this experiment. Also shcwn are comparisons to 4He induced
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Fig. 3. Calculated fission Y§8SS sections compared to experimental data for the
composite gystem 0s. Solid 1ines use Ferml gas based level densitkes
and ﬂshed lines uge microscopic level densities (see text). Data for He
and B reactions are taken from Refs. 21 and 3, respectively.
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figsion?! for 136Os and 210Po, 11p fission3 for 18605 and recent 19F and 3051

reactionslo leading to 2Oon.

In this case the calculated evaporation residue cross
gsections agreed with their data to better than 10X.

With essentially no adjustable parameters the calculated cross sectlone a;ree
remarkably well with evperimental data over a very broad region. The success 1in
describing data ranging from the rare earth region to the closed shell Pb-Po region
and for bombarding particles ranging from 4He to 328 indicates that the overail
excltation energy, angular momentum, and fissility dependences of the model must be

reasonably correct.

FISSION CROSS SECTION (mb)

G2

— I\ Ay p—i '\

20 <20 &0 80 60 80 100 120
EXCITATION ENERGY ( MeV )

Fig. 4. Calculated flssioa &YSHS sectiony compared ro experimental dati for the
composite system Fo. Solid 1lines use Fermi 1a3d based livol densitjes
and dashed Lines use microscople level densitins iva taext), Data for “He
recaction are taken from Ref. 21.
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Fig. 5. Calculated féaaion cross sactions compared to experimental data for Po
isotopes and Pb Eef. 10). Calculations wuse TFermi gas based level
densiiées. For & Po che solid curve, solid polnts are fgr the reaction
with “"0 projectiles and dashad curve, opean points are for "~O project.les.

In the case of the AHe (and possibly 9Be) induced reactions at the lower

energics,the angular momenta brought in are well below the reglons where the fission
barrier has dccreased to the order of the neutron binding energles.s Thus, the
fission cross section tends to be a sum over £ values for which each term uaas a
small fission probabllity., 1In this case the data could test the fission barrier
calculations at low angular momentum, but the calculations are also sensitive to the
high energy behavior of the level densities, which may not be quanticatively
understood.

For the higher energies and heavier prnjectiles a very different sirtuation
exists, Here the angular momentum distributlon extends into the regin of high
fisslon probabilities. 1In these cases the fission cross sections are domini-~ed by a

sum of 0(2) for angular momenta greater than the va'ue foo which Bg = 8. If Bf(l)
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is rapidly changing 1in this region then the level density functions are of less

importance. In these cases the theoretical calculation i3 most sensitive to the

calculated B¢ In the angular momentum region where Bf crosses B, and to the

calculated fusion cross section.

Figure 6 shows 4 comparison of calculations wusing the barriers of CPSll,

Sierk12 and Mustafa17 compared with experimental data for two cases. We conclude

that the Sierk barriers give the best overalli representation of the
data.

experimental
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Fig. 6 Comparison of experimental data to cialculations using the fisslon barriers
caleculated bv Cohen, Plasil, and Swiatecki (Ref. l1), Sierk (Ref. 12) and
Mustafa, Balsden and Chandra (Ref. 17).
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The case of the reaction 64Ni + 94Zr » 1585, 45 qualitatively different from
the other cases 1nvclving lighter projectiles. Here the reaction is dominated by
quasi- and deep-inelastic reactions, but it was possible to 1solate a symmetric
fissionlike component. The increased uncertainty in isolating the symmetric fission
component is reflected by the relatively large error bars shown in Fig. 2 for these
cross scc.ions, At the highest energies for the ¥i and S iInduced reactlons the
angular momenta become large enough that "extra push" effect522'23 could cause a
decrease in the fusion cross section below the Bass model predictions. However, for
our highest energy Ni reaction the model of Swiateck123 would predict only a 15-20%
lowering of the fission cross section. An effect of this magnitude could not be
significantly tested because of the other uncertainties of the same general

magnitude which are present in the inpucs to the theoretical statistical model.

SUMMARY
We have presented a comprehensive set of data on fission cross sections for Po,
0Os, and Er 1isotopes excited 1in a variety of heavy-ion reactions induced by

projectiles from 9 b4

Be through Ni. The experinental results clearly show the
qualitative effects of angular momentum, excitation energy and <{issility on the
fission cross sectiv:i. They provide an ideal testing ground for theoretical models
of fission in this mass region.

The results are compared to predfctions from a theoretical model 1incorporating
a new calculation of angular-momentum-dependent fission barriers by Slerk.12 The
predictions show remarkable agreemeat with experimental results without the need to
involve arbitrary normalization factors on the calculated fission barrier function.
Within the accuracy of the comparisons there is no need to invoke shell corractions
at the saddle point. More quantitative tests of the calculated barriers would
require experimental data on the evaporation residue cross sections, a knowledge of
the properties of any incomplete fusion effects, and an improved model for =% 'aval

densities used In estimating /T . ;.

This work was supported by the U. S. Department of Energy. We are particularly
greatful to Ole Hansen, Cralg Thorne, Harvey Wegner, and Roger Lee for the!  .yport
and help during these measurements. We benefitted considerably from discussions
with J. R. Nix and A. Sierk, and we are eapecially grateful for permi-:ilon to use
their calculated barrier functions before publication. We are grateful to Judizh

Gursky for the production of most of the targets used in these measurement ..
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